Introduction

31
The Climate change is jeopardizing living sustainability on the planet. This change is affecting different life aspects 32 such as water resources, coastal zone, marine systems and energy consumption [1] . Concerning the latter aspect, the 33 building sector is estimated to be ~40% from the total energy consumption in EU. Space heating and cooling energy habitable spaces represents one of the principal interventions to increase the density of urban area without consuming other conventional interventions aimed at refurbishing buildings envelope and building services [4] . A key issue in the 42 conversion of attic space is represented by the thermal refurbishment of the roof, which presents, with respect to a 43 typical dwelling unit a larger exposed area, responsible of high thermal gains/losses respectively in summer and winter 44 [5] . As far as the energy retrofit of an existing roof, the addition of new insulation layers raises particular issues which
45
have to be duly taken into account as the height reduction of the internal space and the structural load increase on the 46 existing roof. In the latest years, a number of technologies have been developed to improve winter and summer behavior of roofs components and overcome these limitations through reduced thickness and weight of super insulating 48 materials [6] [7] [8] , radiant heat barriers [9] 1 ) and were installed between the gypsum board and the XPS layers (Fig.2) . Technical 100 specifications of roof sections are summarised in Table 2. monitored by means of a weather station installed above the roof-top (Fig. 3) . Moreover, the second class pyranometer
In order to avoid the influence of the radiation heat exchange between the roof and the indoor surrounding surfaces
125
(floor, walls), the indoor surfaces of the samples were covered with a radiant barrier (aluminium shine foil).
126
The roof clay tiles are characterised by high air permeability, due to the joints of the tiles allowing air exchanges 127 between the cavity and the outside. A characterization of the infiltration rate in the cavity below the roof tiles was portion without the insulation layers (Fig.6 ). The measurements were repeated several times during the monitoring days
130
and an average infiltration rate ~ 3.3 (m 3 /h)/m 2 was estimated. It is important to remark that this infiltration rate value is 131 strictly dependent by the wind speed; the measurements were carried out with low wind speed (v < 7 km/h) in line with
132
the site average values.
134
Experimental results
135
The experimental results were used to compare the thermal performance of the different roof configurations and to 
138
In the monitored week, the outdoor temperature (black line) was between ~16°C (minimum night temperature) and 139~32°C (maximum daily temperature), while the indoor temperatures were between ~20°C and ~33°C. 
152
In Fig. 10 , the thermal performance profiles (i.e inner surface temperature and heat flux) for the three configurations on dynamic thermal inertia, i.e. heat charging and discharging capability of the PCM layer in the latter two cases.
configurations in terms of indoor surface temperatures T si , as far as the heat fluxes and energy crossing the roof are 161 concerned, while in Table 4 
180
To highlight the importance of PCM type selection, the temperature profiles of the inner PCM layer for configuration B
181
vs configuration C is shown in Fig. 11 . Configuration B has a flattered surface temperature between 26°C and 30°C,
182
which indicates that the substance is in its transition phase with the higher values of equivalent specific heat capacity.
183
Until the approaching of mid-day (time interval which is defined by higher values of the solar radiation intensity and 184 external air temperature values), the PCM (RT28-HC) temperature has increased slightly, however it did not exceed the 
186
the PCM mostly is in solid state, since the melting starts at 34 ̊C, and accordingly the specific heat capacity is in its 187 minimum value of 2 kJ/kg K.
188
To conclude; PCM RT28-HC shows a better exploitation of the phase transition during the day, allowing to contain the 
212
For each node, the C * PCM as a function of T PCM was evaluated using a continuous linear function determined by the 
into three homogenous layers, therefore the energy balance equation (Eq.7) of each PCM node is:
221 222
RC modelling
223
The thermal resistance is defined as the ratio of the temperature difference between two thermal nodes,(T i -T i+1 ) and the 224 heat transfer Q that flows between the two thermal nodes. This is analogous to Ohm's law, in which the electrical 225 resistance is defined as the ratio between the voltage drop across a resistor and its current flow. Thermal resistances R k ,
226
R c and R rad represents respectively conduction, convection, and radiation heat transfer between the wall layers and they
227
are determined respectively through Eq. (8), (9), and (10).
228
The convection heat transfer coefficients have been evaluated by different empirical laws: 
231
Where ΔT is the maximum difference value of the roof tile layer and the air cavity or the XPS layer and the air cavity.
232
 For the indoor layer, the convection heat transfer is considered free convection, since there is no serving
233
HVAC system, and is evaluated by Eq. (13) [34] :
234
Where ΔT is the difference between the indoor air temperature and the indoor surface temperature, while H is the floor 235 height.
236
For the radiation heat exchange Eq. (14) and (15) 
And hence:
tiles and gypsum board are considerably higher than the XPS layer, hence each layer is represented in the RC scheme
244
( 
246
 For nodes 1 and 8, the heat transfer through the outer and inner layers of the roof surface is described by two 247 thermal resistances, the convection heat transfer with the ambient conditions and the conduction transfer within 248 the layer itself.
8( -
249
 For nodes 2 and 7, the energy have included the thermal storage influence and nodal temperature changes with 250 the time. Taking into consideration that T n° is the node temperature evaluated at the previous time step.
252
 The radiation heat exchange coefficient h r between nodes 3 and 5 is considered as a function in nodal 
258
Accordingly, the air cavity node energy balance is:
259
 In Node 6, the energy balance of the interaction node between two layers of the XPS and gypsum board is:
261
Numerical Models B and C integrating PCM
262
The schematic description of cases B and C (Fig.15a) is similar to case A apart from the PCM layer analysis. One of the 263 study focal points is to investigate the influence of PCM melting and specific heat capacity values on the overall energy
264
balance. The RC model is illustrated in Fig.15b .
265
Each homogenous sub-layer (from the three nodes representing the PCM layer) is represented by a conductive 266 resistance and a capacitance. For the sake of brevity, the resulting thermal balance equation Eq. (24) is shown for node 
293
Figures (17) and (18).
295
Conclusions
296
In this study, a roof-mounted PCM filled panels with different melting temperature were monitored and compared with a 
304
These results demonstrate the importance of the proper PCM selection. In fact PCM which mainly works in its transition 
308
The analysis on the energy flows highlights that both PCM configurations determines heat loads released to the indoor 309 environment during their discharging phase. These results underline the importance of coupling PCM with passive night 310 cooling strategies (e.g. night ventilation) to guarantee the efficacy of the PCM in reducing the daily heat loads.
311
Moreover, a numerical RC model implementing the PCM behavior was developed. The model was validated through a
312
comparison with the measured data, showing a RMSE between 0.4°C (indoor surface temperature) and 4°C (outdoor 313 surface temperature), according to the magnitude of the temperature variation during the day. The whole year 314 measurements on the presented roof are still in progress and a more complete picture of the influence of PCMs layer on 315 the overall energy balance will be thus possible. Implementing PCMs in roof attic is a promising solution to enforce; peak load savings with a range of ~13 to ~59% and to take advantage of all unused areas in residential houses keeping efficient application for all climatic conditions. Exploratory numerical simulations have to be carried out during the early 319 design stages to ensure the benefits achievable by using PCM.
320
The developed numerical model needs further improvements and modifications to expand the results on urban scale level. 5 3.5°C 3.5°C 3.2°C T 6 1.2°C 0.5 °C 0.5°C T 8 1.9°C n/a n/a T 9 n/a 0.5°C 0.5°C T 10 n/a 0.4 °C 0.4°C
